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1.
 
 Nonlinear interference effects based on atomic
coherence attract special continuously increasing inter-
est in recent time. These effects are widely applied in
ultra-high-resolution nonlinear spectroscopy [1, 2],
metrology (atomic clocks and magnetometers) [3], laser
cooling [4], and other modern areas of laser physics.
The typical induced-absorption resonance has the
shape of a narrow dip (electromagnetically induced
transparency, EIT) or peak (electromagnetically
induced absorption, EIA). The first type of the reso-
nance has long been known (see, e.g., [5, 6]) and
thereby is better studied than the EIA resonance, which
was observed in 1998 in two-frequency excitation [7]
and then in the Hanle configuration [8]. As was shown
in [9, 10], EIA is physically caused by the transfer of
anisotropy (Zeeman coherence) from the excited level
to the ground one. The possibility of change from EIA
to EIT was analyzed in [11] for the Hanle configuration
in dependence on depolarizing relaxation in the exited
state.
In this work, the parameters (amplitude, width, and
amplitude-to-width ratio) of the magneto-optical reso-
nance are studied as functions of the ellipticity of the
light wave, which resonantly excites the closed optical
transition 
 
F
 
g
 
  
 
F
 
e
 
 in the atomic gas, where 
 
F
 
g
 
 and 
 
F
 
e
 
are the total angular momenta of the atom in the ground
and excited states, respectively. The total absorption of
the traveling light wave at a certain magnetic field is a
 
spectroscopic signal. In the case under consideration,
the magnetic field is directed along the wave vector of
the light wave (Hanle configuration). In contrast to pre-
vious works (e.g., [8, 12, 13]), where the case of linear
polarization was considered, we analyze the general
case of the elliptic polarization of the electromagnetic
wave with emphasis on the EIA resonance. Certain new
features attributed to the Doppler effect for atoms in a
gas are theoretically revealed. These features are exper-
imentally corroborated for the 
 
F
 
g
 
 = 2  
 
F
 
e
 
 = 3 transi-
tion in the 
 
D
 
2
 
 line of the 
 
87
 
Rb atom.
 
2.
 
 We consider the resonance interaction of the ellip-
tically polarized plane traveling light wave
with atoms where the closed optical transition 
 
F
 
g
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e
 
 occurs between the ground and excited states. Here,
 
ω
 
 and 
 
E
 
0
 
 are the frequency and amplitude of the light
field and the unit complex elliptic-polarization vector
has the form
where 
 
e
 
±
 
1
 
 = 
 
e
 
x
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i
 
e
 
y
 
)/  are the cyclic basis vectors.
The ellipticity parameter 
 
ε
 
 is defined in the interval
 
−π
 
/4 
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/4 so that 
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 is the ratio of the small
semiaxis of the ellipse to its large semiaxis and the sign
E z t,( ) E0e i ωt kz–( )–{ }exp c.c.+=
e ex ε( )cos iey ε( )sin+=
=  e+1 ε π/4–( )cos– e 1– ε π/4–( ),sin–
(+− 2
 
Features of Magneto-Optical Resonances in an Elliptically 
Polarized Traveling Light Wave
 
D. V. Brazhnikov
 
a
 
, 
 
b
 
, A. V. Ta
 
œ
 
chenachev
 
a
 
, c
 
, A. M. Tuma
 
œ
 
kin
 
a
 
, V. I. Yudin
 
a
 
, 
 
b
 
, S. A. Zibrov
 
d
 
, 
 
e, 
Ya. O. Dudin
 
d
 
, 
 
e
 
, V. V. Vasil’ev
 
d, and V. L. Velichansky
 
d
 
a 
 
Institute of Laser Physics, Siberian Division, Russian Academy of Sciences, 
pr. Akademika Lavrent’eva 13/3, Novosibirsk, 630090 Russia
e-mail: llf@laser.nsc.ru
 
b 
 
Novosibirsk State Technical University, ul. Pirogova 2, Novosibirsk, 630092 Russia
 
c 
 
Novosibirsk State University, ul. Pirogova 2, Novosibirsk, 630090 Russia
 
d 
 
Lebedev Physical Institute, Russian Academy of Sciences, Leninski
 
œ
 
 pr. 53, Moscow, 117924 Russia
 
e 
 
Moscow Engineering Physics Institute (State University), Kashirskoe sh. 31, Moscow, 115409 Russia
 
Received December 8, 2005
 
The parameters of nonlinear absorption magneto-optical resonances in the Hanle configuration have been stud-
ied as functions of the ellipticity of a traveling light wave. It has been found that these parameters (amplitude,
width, and amplitude-to-width ratio) depend strongly on the polarization of the light wave. In particular, the
resonance amplitude can increase by more than an order of magnitude when the polarization changes from lin-
ear to optimal elliptic. It has been shown that this effect is associated with the Doppler frequency shift for atoms
in a gas. The theoretical results have been corroborated in experiments in Rb vapor.
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of this parameter specifies the rotation direction for the
instantaneous strength of the light field (see Fig. 1a).
The magnetic field has the form 
 
B
 
 = 
 
B
 
e
 
0
 
, where 
 
e
 
0
 
 is
the unit vector directed along 
 
k
 
. The Hamiltonian of the
interaction of an atom with the external field is  =
 + , where the Hamiltonian  of the interac-
tion of the atom with magnetic field and the Hamilto-
nian  of the interaction of the atom with the travel-
ing electromagnetic wave have the form
(1)
(2)
Here, 
 
R
 
 = –
 
dE
 
0
 
/
 

 
 is the Rabi frequency (
 
d
 
 is the reduced
matrix element of the atomic dipole moment), 
 
Ω
 
a
 
 =
 
µ
 
B
 
g
 
a
 
B
 
0
 
/
 

 
 corresponds to the Zeeman sublevel splitting
(
 
g
 
a
 
 is the Landé factor and 
 
µ
 
B
 
 is the Bohr magneton),
 are the operators of the total angular momenta of the
levels, and the operator  is expressed in terms of the
Clebsch–Gordan coefficients as
where 
 
e
 
+1
 
 = –cos(
 
ε
 
 – 
 
π
 
/4) and 
 
e
 
–1
 
 = –sin(
 
ε
 
 – 
 
π
 
/4) are the
components of the unit complex elliptic polarization
vector in the cyclic basis. The generalized optical Bloch
equations for the stationary density matrix in the rotat-
ing basis have the form [11]
(3)
(4)
(5)
Here, the density matrices  and  describe the dis-
tributions over the magnetic sublevels of the ground
and excited states, respectively, and the matrices  =
 describe the optical coherences (in the rotating
basis). The isotropic distribution of  over the mag-
netic sublevels of the ground state in the absence of the
light field is normalized by the condition Tr{ } = 1.
The detuning of the light-field frequency from the tran-
sition frequency 
 
ω
 
0
 
 is equal to 
 
δ
 
 = 
 
ω
 
 – 
 
ω
 
0
 
 – 
 
kv, where
kv is the Doppler shift at the atomic velocity projection
v onto the z axis. The relaxation processes are
Hˆ
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g
described by the following relaxation constants: γr is
the radiative relaxation rate for the excited state, the
constant Γ specifies the in-flight relaxation, γeg = γr/2 +
Γ is the relaxation rate for optical coherences, and the
operator { } describes the transition of the atoms
from the excited level to the ground one due to sponta-
neous relaxation. Collisional depolarization is disre-
garded in this work.
3. The system of Eqs. (3)–(5) was solved numeri-
cally. The signal of the complete absorption of the trav-
eling light wave in an optically thin medium was ana-
lyzed with allowance for the Maxwellian velocity dis-
tribution. This signal has a rather complicated shape
and consists of structures with various widths (see
Fig. 2). We focus on the narrowest central structure.
The calculations were performed for the exact one-pho-
ton resonance ω = ω0.
Special attention was paid to the EIA resonance on
the closed optical transition Fg = 2  Fe = 3 (Fig. 1b).
For example, Fig. 3 shows two magneto-optical EIA
resonances for linear (ε = 0) and elliptic (ε = π/9) polar-
izations of the light wave (the Rabi frequency R = 5γeg,
the in-flight relaxation constant Γ = 5 × 10–3γeg, and the
spontaneous relaxation rate γr = 2γeg). As is seen in
Fig. 3, the parameters of the nonlinear resonances
depend strongly on the polarization of the traveling
wave.
4. In order to verify the theoretical results, the corre-
sponding experiment was carried out. Figure 4 presents
the layout of the experimental setup and the scheme of
the atomic levels. Resonance radiation is generated by
γˆ r ρˆ
e
Fig. 1. (a) Mutual orientation of the polarization ellipse, the
wave vector of the light wave, and the magnetic field; (b) the
scheme of the electromagnetic induced transitions.
Fg = 2
Fe = 3
Ωg
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an injection laser designed according to the Litrov
scheme (ECDL). The design of the laser allows the
smooth variation of the radiation frequency over a wide
range (up to 40 GHz). To study the characteristics of the
electromagnetic induced absorption resonance, the
laser is tuned to the optical transition 52S1/2, F = 2 
52P3/2, F ' = 3 (the D2 line, λ = 780 nm). A small fraction
of the laser radiation is separated by a splitter (BS) and
is directed to the frequency control system. The scheme
and operating grounds of the control system were
reported in [14]. After the splitter, the laser radiation
sequentially passes through a half-wave plate (λ/2) and
crystal polarizer (Polarizer), which allows the smooth
variation of the radiation power. The ellipticity of the
resonance radiation is smoothly varied by means of a
quarter-wave plate (λ/4) located immediately after the
polarizer.
The experiment was carried out with a cylindrical
glass cell (60 mm in length and 55 mm in diameter)
containing isotopically pure atomic 87Rb vapor. The
cell was placed in a solenoid, which ensured the varia-
tion of the longitudinal magnetic field. The splitting of
the magnetic sublevels in 87Rb is equal to B ×
0.7 MHz/G. For the isolation from the external labora-
tory field, the cell was placed in three concentric cylin-
drical magnetic screens. The temperature of the cell
was equal to 20°C. The laser radiation power at the
entry to the cell was equal to 3 mW and the beam diam-
eter was 5 mm. The intensity of the radiation passed
through the cell was detected as a function of the longi-
tudinal magnetic field by a photodiode whose signal
was observed on an oscilloscope screen.
5. Figure 5 shows the calculated and measured
parameters (amplitude, width, and amplitude-to-width
ratio) for the EIA resonance as functions of the elliptic-
ity ε for the Fg = 2  Fe = 3 transition in the D2 line
of the 87Rb atom. According to this figure, the theory
and experiment are in good qualitative agreement with
each other. The dependences exhibit a number of fun-
damental features for elliptic polarization. The ampli-
tude and amplitude-to-width ratio as functions of the
ellipticity have extrema at a certain elliptic polarization
εmax ≠ 0. At the same time, according to the calcula-
tions, the maximum for immovable atoms corresponds
to linear polarization, i.e., εmax = 0. Thus, the situation
changes dramatically for the thermalized atomic gas.
This effect is most pronounced in quite strong light
fields when the central-resonance amplitude at the
extremum point εmax is one or two orders of magnitude
larger than the resonance amplitude for linear polariza-
tion ε = 0 (by a factor of 40 for Fig. 5a). The results
obtained above show that the presence of the maximum
in the amplitude of the EIA resonance at a certain ellip-
tic polarization εmax ≠ 0 is attributed to the Doppler fre-
quency shift and the motion of atoms in the gas. Indeed,
different velocity groups of atoms have different one-
photon detunings due to the Doppler effect. Therefore,
as was shown in [11], the line contour for the case of
Fig. 2. Magneto-optical EIA resonance for a beam with a
diameter of 20 mm, a power of 1.9 mW, and ε = 0.
Fig. 3. Magneto-optical EIA resonance for (a) linear polar-
ization (ε = 0), A = 0.65, W = 0.06γeg, and A/W = 10. 8
and (b) elliptic polarization (ε = π/9), A = 27.74, W = 0.4γeg,
and A/W = 69.35 .
γ eg
1–
γ eg
1–
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elliptic polarization is deformed (becomes asymmetric
and shifted). As a result, the line contour integrated
(averaged) over all the velocity groups acquires quali-
tatively new features as compared to the case of
immovable atoms. Some of such effects were previ-
ously described, e.g., the Doppler narrowing of the
absorption line in the three-level Λ system [15]. The
detection of the effect of the motion of atoms in the gas
on the dependence of the amplitude of the EIA reso-
nance on the ellipticity of the light field is the substan-
tially new point of this work.
It is worth noting that, in contrast to bright transi-
tions, according to our calculations and experiments
with 87Rb and 85Rb, the extremum in the ellipticity
dependence of the amplitude of the EIT resonance for
dark transitions (Fg = 1  Fe = 1, Fg = 1  Fe = 0,
and Fg = 2  Fe = 1) is observed at linear polarization
ε = 0 similar to the case of immovable atoms.
6. The magneto-optical nonlinear EIA resonance
has been investigated in this work both theoretically
and experimentally for different polarizations (elliptic-
ities ε) of the traveling light wave. A number of impor-
tant results have been obtained. In particular, it has been
found that the amplitude and amplitude-to-width ratio
of the resonance can exhibit pronounced maxima at
certain elliptic polarization (ε ≠ 0) rather than at linear
polarization (ε = 0). The amplitude of the nonlinear res-
onance at the optimum ellipticity εmax can be several
tens of times larger than that for linear polarization.
Thus, the parameters of the magneto-optical EIA reso-
nance can be significantly (by one or two orders of
magnitude) improved due to varying the ellipticity of
the traveling light wave. The theoretical calculations
have been qualitatively corroborated by the experimen-
tal data for the D2 line of 87Rb: 52S1/2, F = 2  52P3/2,
F ' = 3, λ = 780 nm. These results can be applied in
some interesting areas such as the creation of the new
generation of magnetometers. Some of the above
results were reported at the conference ICONO/LAT-
2005 [16].
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Fig. 4. (a) Layout of the experimental setup for the observation of the induced absorption resonance in the Hanle configuration:
ECDL is the external-cavity diode laser, BS is the splitter, and PD is the photodetector; (b) the scheme of the atomic levels for the
D2 line of 87Rb.
Fig. 5. (a) Amplitude, (b) width, and (c) amplitude-to-width
ratio for the EIA resonance vs. the ellipticity of the polariza-
tion of the light wave.
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